Density functional theory (DFT) (B3LYP/6-311++G (d,p) ) and the second is the substitution of two water molecules from the [M(OH 2 ) 4 L] by another dithiolene anionic ligand. Geometric, electronic and energetic properties of the substituted aquacations are correlated with the metal-ligand affinity. All the substitution processes for both metal cations are spontaneous and are modulated by the electronic effect of each substituent of the ligand. Geometric parameters and chelation angle are correlated with the interaction strength. The energy decomposition analysis (EDA) results show that the electrostatic component is the main stabilizing term for the monosubstituted complexes, while for the disubstituted complexes the covalent term is the main stabilizing component. The polarization term is the main one to describe the covalent character. Natural bond orbital (NBO) shows the acid-base interaction nature of the metal-ligand bond.
Introduction
Metal dithiolene complexes have been extensively investigated since 1960 mainly due to their conducting, optical and magnetic properties. 1, 2 They are used in molecular devices, superconductors, dye-sensitized solar cells, catalyst for molecular hydrogen production, electronic recording disks and model compounds of more elaborated architectures, as in the active sites of pyranopterin molybdenum enzymes. [3] [4] [5] The dithiolene ligands are studied as elementary building blocks of enzymes, such as ureases (associated with the Ni 2+ cation) 6 and phospholipases (associated with the Zn 2+ cation). 7 They can also act as metalloligands toward other metallic centers. 8 The metal-ligand interaction in the active site of these enzymes is responsible for some unique parameters as conformation, acid-base and the non-innocent redox behavior of the ligand. The variation of the substituents of the dithiolene ligand can completely change the electronic distribution and geometric arrangement of the model compound, directly influencing its action and performance in electrocatalyst processs. 9 Experimental and computational studies have analyzed the interaction among divalent metal cations with large number of ligands. 10, 11 Soras et al. 12, 13 synthetized a nickel complex with an extended multi-sulfur dithiolene ligand. The structures obtained from X-ray diffraction indicate that Ni 2+ ion is tetracoordinated with a square planar geometry. B3LYP calculations show that the methoxy groups are placed above and below the metal dithiolene core, due to stereochemical hindrance and are not formally bonded to the metal center. Drzewiecka-Antonik et al. 14 analyzed the complexation of the Co 2+ , Ni 2+ and Cu 2+ metal cations with 2,4-dichlorophenoxiacetic acids. It was concluded by a combined density functional theory (DFT) and X-ray absorption near edge structure (XANES) analysis that, after the first and second ligand complexation, both octahedral and square planar interaction geometry can be obtained. Xia et al. 15 studied the nature of the interaction between the Pt 2+ and Pd 2+ metal cations with dithiolene ligands by natural bond orbital (NBO) analysis. It was seen that the chemical bond, described as an acid-base interaction, has prominent donor-acceptor interactions between the ligand and the metal. Plazinski ) with amino acids molecules. The affinity order of each metal for the amino acid compounds was quantified in terms of the complexation Gibbs free energy. Tavassoli and Fattahi 17 studied the interaction between an amino acid (histidine ligand) and divalent metal cations (Zn 2+ , Ca 2+ and Mg
2+
). They observed that the electrostatic term is predominant in all metal-ligand interactions, but the strongest interaction occurred with the softest metal cation. In the previous works, 18, 19 the interaction between metal cations and neutral ligands was also studied. The alkaline earth metal cations showed larger affinity by ligands with large negative charge on the interacting atoms (O > N > S ligands). The metal-ligand affinity can be described in terms of geometrical (distance and angles), electronic (charge on specific atoms) and energetic (Gibbs free energy change, energy decomposition analysis, highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies) parameters. All these terms correlate with the intensity of metal-ligand binding. It was also observed that the neighborhood groups of the interacting atom also modulate the metal-ligand affinity. Electron donor groups enhance the metal-ligand affinity, while electron withdrawing groups weaken the interaction.
In the present work the interaction between the Ni 2+ and Zn 2+ metal cations with 11 dithiolene ligands was analyzed, as shown in Figure 1 . Three series of dithiolene molecules were studied, differing by the organic moiety bonded to the two sulfur atoms: the first with an aromatic ring ( Figures 1a-c, 1g ), the second with an ethylene group (Figures 1d-f, 1h) and the last one with a heterocyclic ring (Figures 1j-k) . To simulate the hydrated metal cations octahedral geometries were considered for all the hexaaquacomplexes, based on their most common coordination number in aqueous reaction medium, which represents the most usual conditions in coordination compound syntheses. 20, 21 The ligands affinity order for each metal cation was determined by equations 1 and 2. In these equations, the substitution energy was determined for the change of two water molecules by a bidentate ligand in the coordination sphere of the metal aquacation [M(OH 2 ) 6 ]
. This procedure was used for the first substitution reaction (equation 1) and for the second substitution reaction (equation 2), shown in Figure 2 . A large number of studies report this methodology for the measurement of metal-ligand affinity. 16, [22] [23] [24] [25] [26] [27] [M(OH 2 
The substitution energy was rationalized in terms of geometrical, electronic and energetic parameters inherent 
to the complexes and isolated ligands. The nature of the metal-ligand interaction was analyzed by the energy decomposition analysis (EDA) and NBO procedures. The influence of the substituent electronic effects was also evaluated (induction and resonance) of the ligands in the binding strength.
Methodology
DFT calculations were performed with the B3LYP functional 28 and the 6-311++G(d,p) basis set 29 using the Gaussian 09 software. 30 This DFT method generates optimization and energetic results in agreement with higher levels of theory. 30 By the rotation of single bonds, the structures of several conformers were calculated. 31 Only the most stable conformers, among the several possible structures for each ligand, are reported. After full geometry optimization, vibrational mode calculations were performed to confirm that the optimized geometries are genuinely minimum points on the potential energy surface. For the Ni 2+ complexes, the triplet state has been assumed, whereas for the Zn 2+ the singlet state was used. The base set superposition error (BSSE) was performed by the counterpoise procedure. 32 The B3LYP/6-311++G(d.p) method was also employed for the energy decomposition analysis using the GAMESS software. 33, 34 The EDA procedure decomposes the total interaction energy in five components: electrostatic (E Eletrost ), polarization (E Pol ), exchange (E Xc ), dispersion (E Disp ) and Pauli repulsion (E Pauli ). 35 The sum of the polarization and exchange terms leads to the covalent interaction component. The NBO calculations were performed with the B3LYP/6-311++G(d,p) method to analyze the acid-base interaction in the substituted aquacomplexes through the donor/acceptor energy.
Results and Discussion

Geometry optimization
The geometries of the 44 aquacomplexes of Ni 2+ and Zn 2+ were fully optimized with the B3LYP/6-311++G(d,p) method. The optimized structures for the monosubstituted and disubstituted complexes are shown in Figures 3 and 4 , respectively, and the final geometry symmetry in Table 1 .
The analysis of Figure 3 shows that after the first ligand substitution the geometry of Ni 2+ and Zn 2+ aquacomplexes continue to be octahedral, without any change on the aquacations coordinating axis. However, in the second ligand substitution the geometry of both Ni 2+ and Zn 2+ complexes is modified from the original octahedral [M(OH 2 ) 6 ]
2+
. The Ni 2+ disubstituted complexes present a quadratic geometry, which must be derived from the progressive elongation of the axial interactions with the water molecules that cause systematic d orbital energy stabilization. The Zn 2+ disubstituted aquacomplexes present tetrahedral coordination geometry. This geometry is favored when small metal cations interact with large ligands, as the dithiolene anions. In this case, the ligand-ligand repulsion promotes the geometry change because the octahedral stabilization is not enough to maintain the structure with six ligands. The Ni 2+ and Zn
optimized geometries are in agreement with other theoretical studies. 20, 21, 36, 37 In a previous work with this class of ligands coordinated with Mg 2+ and Ca 2+ ions, the reorganization of the coordination sphere was also observed for some disubstituted complexes with reduced coordination number, such as penta and tetracoordination. 19 These effects can be justified by the steric strain, where the second coordination of the bidentate ligand promotes a steric repulsion that leads to the elimination of water molecules from the coordination sphere. 4 -bdt ligands is weaker than with the previous ligands, respectively. This is explained by the electronic effect of the neighborhood of the anchor point of the ligands. The tfd, mnt, Cl 2 -bdt and Cl 4 -bdt have electron accepting groups that weaken the metal-ligand interacting strength by pulling electron density away from the anchoring atom, which destabilizes the bond. In the heterocyclic ligands the dmio ligand has a carbonyl group (C=O), whereas dmit and dmt have a thiocarbonyl group (C=S). The analysis of HOMO and LUMO frontier orbitals, of dmt and dmio molecules, show a prominent π character. This efficiently favors the electronic delocalization due to the large dimension of the S atoms ( Figure 5 ). This effect reduces the electron density on the sulfur atoms weakening the metal-ligand interaction. This is not observed for the dmio ligand, where the p orbitals of the oxygen atom do not have the size and energy close to that of the sulfur atom. This difference disfavors the effective orbital overlap reducing the electronic dislocation effect. In the second substitution reaction, the interacting aquacomplexes are neutral and interact with a divalent anion. Therefore, the second substitution reaction must have a smaller electrostatic stabilization term than the first substitution reaction, which leads to less negative values. The analysis of the second substitution reaction shows a distinct trend than the one for the first reaction. The Cl 2 -bdt, Cl 4 -bdt, bdt, edt, mdt, tfd ligands bind strongly to the Ni 2+ cations, whereas the mnt, tdt, dmit, dmio, dmt have more favorable interaction with the Zn 2+ cation. This is related with the ligands size around the coordination sphere of the metal cation. The analysis of Table 1 shows that for the second substitution reaction, ligands with electron acceptor groups have stronger interaction with the metal cations. For the ethylene ligands the interacting order is tfd > mnt > mdt > edt for both the Ni 2+ and Zn 2+ cations. As the interaction is between neutral specie and a divalent anion, the electrostatic term does not play a relevant role as in the first substitution, being the covalent character more important. The presence of electron accepting groups decentralizes the charge on the anchoring point of the ligand enhancing its softness, which favors the covalent interaction. This is also seen for the aromatic ligands, whereas the interaction order is Cl 4 -bdt > Cl 2 -bdt > bdt > tdt, following the observation that ligands with electron acceptor groups strengths the metal-ligand interaction.
The analysis of the ∆G values of Table 1 shows values negative in the substitution of 2 or 4 water molecules from the aquacations, confirming that these processes are spontaneous. In the monosubstituted complexes the interaction is stronger with the ethylene ligands, followed by the aromatic and heterocyclic molecules. In each set of ligands, the presence of electron accepting groups (Cl
weaken the interaction strength with the metal center. As this interaction is between a cation and an anion, the electrostatic term plays an important role in the stabilization of the substituted molecules, as previously seen in the ∆H analysis. In the disubstituted complexes the interaction order changes. Ligands with electron accepting groups (tfd, mnt, Cl 4 -bdt, Cl 2 -bdt) have stronger interaction with the metal cations than ligands (mdt, tdt, edt, dmt, dmio, , tfd (h and s), dmit (i and t ), dmio (j and u) and dmt (k and v), respectively. dmit). In the second substitution reaction the interaction is between a neutral metal center, softer species than the metal cation in the first substitution reaction, and a dianion. In this case, the interaction has a larger covalent character and softer ligands will have a stronger interaction. As the electron accepting groups decentralize the negative charge on the tfd, mnt, Cl 4 -bdt, Cl 2 -bdt ligands, they must have the largest interacting strength.
Some trends on the ΔG 298 values were also found in a previous work with the dithiolate ligands complexed with the Mg 2+ and Ca 2+ ions. 19 Figure 6 shows the graphics of the first and second substitution Gibbs free energy of ethilenic and aromatic dithiolene. In the first substitution, it was observed that there was a greater stability of the complexes containing ligands without electron acceptor groups. In addition, the transition metal complexes were more stabilized than the studied alkaline earth metal ions. In the case of the second substitution, where a change in the coordinate sphere for the Mg 2+ and Ca 2+ ions was observed, it was noticed a trend change on the stability for the same ligands, while Ni 2+ and Zn 2+ ions showed the same tendency for the different analyzed ligands. This is justified by the maintenance of the number of ligands coordinated to the ions even if there is a change of coordination type, quadratic for nickel and tetrahedral for zinc. However, it was also confirmed a greater stabilization of the complexes formed in the second substitution for the Ni 2+ and Zn 2+ ions than for the Mg 2+ and Ca 2+ ions. Table 1 shows that all the entropic contributions are negative for the first and second ligands substitution. In the substitution reaction (equations 1 and 2) it is possible to observe that the number of products is larger than the reactants, due to the metal cation coordination with a divalent ligand, which release two water molecules. This confirms the increase of the system disorder for the chelating ligands. It is possible to check that all the −T∆S values for the second substitution is 1.99 ± 1.51 kcal mol -1 more negative than for the first substitution. This may be related to the optimized geometries of each complex. In the second substitution reaction the reactants have octahedral coordination geometry, while the products are quadratic or tetrahedral with a smaller coordination number. The bond elongation with the water molecules favors the system disorder and justifies the most negative −T∆S values. It is also possible to associate with the electronic distribution on the interacting species. In the first reaction a divalent cation interacts with a divalent anion, with a strong electrostatic character, which may organize the system. In the second substitution reaction, softer species interact among themselves (neutral metal center and a dianion). In this case, a more dispersed electronic cloud forms the bond, and this may be favored by the entropic stabilization. Chelate effect
The chelate effect shows that the interaction of a metal center with a polydentate ligand has a larger stabilization term than with the equivalent number of monodentate ligands. It can be correlated with the entropy variation between the chelate and the monodenate ligands in diluted solutions. Generally, chelation results in an increase of system free molecules that is entropically favored. This is not observed with the monodentate ligands, where the number of species in reactants and products is the same. 37 Additionally, the chelate effect also influences the kinetics of the metal-ligand interaction. When a monodentate ligand is bounded to a metal center and this bond breaks, the ligand returns to the media and there is a small probability of the interaction return. When a chelate ligand is bonded to a metal center and one bond breaks, the other anchoring points continue to make the metal-ligand interaction and the broken bond may return, 39 favoring the chelate complex stabilization. The chelate effect was measured by equation 3, where a dithiolene ligand acts as two monodentate ligands for two metal aquacenters, as shown in Figure 7 . The ΔH and ΔG 298 results are listed in Table 2 .
The chelating energy can be obtained through the energy difference between the ligand acting as a bidentate (Table 1) and as a monodentate ( complexes, respectively, for the first substitution reaction. This is mostly driven by the number of species in the reactants and products of each reaction and shows that the bidentate coordination is more thermodynamically favorable than the monodentate mode.
Energy decomposition analysis (EDA)
The EDA method decomposes the metal-ligand total interaction energy (E Tot ) into five components: the electrostatic, E Elec , (opposite charge attraction), polarization, E Pol , (orbital overlap), exchange, E Xc , (parallel spin stabilization), dispersion, E Disp , (long range interactions) and Pauli repulsion, E Pauli , (electronic repulsion) terms.
The bond among each aquacation [M(OH 2 ) 4 ]
2+ and [M(OH 2 ) 2 L] (first fragment) and the ligand (second fragment) was decomposed and analyzed. In Table 3 , the EDA results are shown for both the Ni 2+ and Zn 2+ cations and for the first and second substitution reactions. The total energy (E Tot ) interaction order is the same obtained for the ∆H analysis. The E Tot term involves the energy calculation of the fragments together and in a large distance (without interaction), with the same optimized geometry.
In the first substitution reaction the electrostatic term is the major one corresponding to 65.90 ± 1.38% (Ni 2+ ) and 64.51 ± 0.97% (Zn 2+ ) of the stabilizing components (E Elec, E Pol and E Xc ), in agreement with other studies. 40 This is due to the interaction between two charged species (divalent cation and anion). The electronic nature of the ligands substituents directly influences the E Elec magnitude, as also previously seen for ∆H. Ligands with electron accepting groups (Cl 2 -bdt, Cl 4 -bdt, mnt and tfd), reduce the negative charge on the interacting S atoms, leading to a less stable interaction with the metal cations. The polarization component represents 20.12 ± 1.53 (Ni , according to type of ligand. The exchange and dispersion terms represent about 10 and 3%, respectively, of the total interaction energy for both cations. The Pauli repulsion term is reduced for ligands with electron accepting substituents. This term destabilizes the cation-ligand interaction. Table 3 also lists the variation of the Pauli repulsion term with the distinct dithiolate ligands. It shows that the Pauli repulsion is larger for the aquacomplexes that have strong interaction with the ligands. This is probably resulting from the large electronic repulsion between the ligand and metal electronic density that increase due to the small metal-ligand distance. It is observed that both Cl 4 -bdt and tfd ligands have reduced Pauli repulsion values compared to the other aromatic dithiolate ligands. This is due to the inductive effect of the electron density withdrawal of the Cl and F atoms. In the second substitution reaction it is possible to see that the electrostatic term continues to be individually the largest one, but with a reduced magnitude for E Tot , representing 44. 30 ). In the second substitution, the interaction is between a neutral specie and an anion, which reduces the stabilization energy due to opposite charge attraction. In the second substitution the polarization and dispersion terms also reduce its magnitude and the exchange term is enhanced. The ionic and covalent character of the metal-ligand interaction were also compared for the monosubstituted and disubstituted complexes (Figure 8 ). The ionic character was accounted as the electrostatic term, while the covalent character was measured as the sum of the polarization and exchange components of the total interaction energy.
In Figure 8 a graph of the ionic and covalent terms of the metal-ligand interaction is shown. The analysis of Figures 8a and 8b shows that for both the monosubstituted Ni 2+ and Zn 2+ aquacomplexes the interaction has a predominant ionic character. The nature of this interaction can be explained due to the two charged parts which are interacting: the metal aquacation [M(OH 2 ) 6 ] 2+ and the dithiolene ligands (dianions), which stabilize the complex due to opposite charge attraction. The magnitude of the covalent component is almost half of the ionic term for all the ligands. The analysis of Figures 8c and 8d also shows that for the disubstituted Ni 2+ and Zn 2+ complexes, the covalent character is predominant. The values of the covalent term are similar for both the monosubstituted and disubstituted aquacomplexes, whereas the ionic component has a large reduction for the disubstituted complexes. The disubstituted complexes present an interaction between neutral specie and a dianion that favors the major orbital overlap stabilization. This observation is opposite to that found for the disubstituted complexes of Mg 2+ and Ca
2+
cations. 17 The disubstituted species present a smaller covalent component with closer values to the ionic term.
Geometrical, electronic and energetic parameters analysis
In the sections above the ligand affinity order for the Ni 2+ and Zn 2+ cations were analyzed. The interaction strength order can be associated with some geometrical, electronic and energetic parameters of the complexed aquacations to justify its intensity. As geometrical parameters the metal-ligand bond distance and the chelation angle for the monosubstituted and disubstituted aquacomplexes were analyzed. The metal-ligand interacting distances are shown in The analysis of Table 4 shows an asymmetry in the metal ligand bond distances for almost all the mono-(octahedral) and the disubstituted (Ni 2+ quadratic, and Zn 2+ tetrahedral) complexes. This indicates that the metal center interacts stronger with one S anchor point than with the other S binding atom of each dithiolene ligand. In the monosubstituted complexes this difference is 0.011 ± 0.01 and 0.031 ± 0.02 Å for the Ni 2+ and Zn 2+ compounds, respectively. In the disubstituted complexes this difference is 0.004 ± 0.01 and 0.022 ± 0.04 Å for the Ni 2+ and Zn 2+ derivatives, respectively. The Ni 2+ disubstituted complexes with Cl 2 -bdt, Cl 4 -bdt, bdt, edt, dmit and dmio showed the same metal-ligand distances in the quadratic geometry. For both the mono-and disubstituted molecules, the Ni 2+ complexes have smaller variation of bond length than the Zn 2+ compounds. It is also possible to observe that in the monosubstituted complexes all the Zn−S distances are 0.08 ± 0.05 Å smaller than the Ni−S bond lengths. For the disubstituted complexes it is noted that all the metalligand interacting distances are 0.100 ± 0.04 Å smaller than the monosubstituted ones. This is probably due to the reduction of the coordination number of the metal cation from 6 (octahedral) to 4 (quadratic or tetrahedral). With a reduced number of ligands around the metal center, the acid-base interaction is more effective and reduces the metal-ligand bond distance. The substituent group attached to the anchor atom is also important in the determination of the binding distance. In Table 5 related with the interaction strength and metal-ligand bond length. As the Zn 2+ cation has a stronger interaction with the dithiolene ligands and a smaller Metal−S bond length, the chelation angle should be larger to better accommodate the electron density around the metal center. In the disubstituted complexes all the chelation angles are smaller than in the monosubstituted molecules. This is probably due to the change of the final geometry. As in the disubstituted complexes the covalent character is enhanced, the orbital overlap must reduce the values of the chelation angles.
The geometric results presented so far are in agreement with the work of Hancock and Martell 38 where an enhanced coordination number results in an increase of the bond distance minimizing the steric strain in the substituted complexes. However, the change in geometry observed with the coordination of bulky ligands, from octahedral to quadratic or tetrahedral, can be correlated with the thermodynamic radius: the radius of the metallic ions when hydrated (r). For example, considering the hydrated species with [M(H 2 O) 6 ] 2+ , we have the following correlation: r Ni2+ = 0.715, r Zn2+ = 0.74, r Mg2+ = 0.76 and r Ca2+ = 1.12. 21 It was observed that structures with smaller thermodynamic cations present larger distortion of their geometry for disubstituted systems. This effect, as noted in the topic of optimized geometry, was strongly observed for the smallest cations. This observation can be understood by a more restricted volume in the second anchorage of the dithiolates sulfur atoms and a larger steric strain when the ring is formed. The rule of the ligands interaction with metal is limited to the size and the systems selectivity as a function of the steric strain. This may explain the displacement of water molecules in some structures, specifically in the case of the second substitution of the ligand with geometry alteration. 38 In contrast, when there is a larger steric efficiency, that is, a higher affinity of the ion and a smaller distortion of its structure, it was not observed the change in the complex geometry. This can be better understood by analyzing the data for the complexes containing the bdt ligand. In the monosubstituted, the bdt has larger M−L distance and larger angle, which represents a less restricted volume. Therefore, the coordination of the second binding atom is more favorable than the others with higher stability of the substituted complex, which can be verified by more negative substitution energies. In a previous work 19 with the dithiolate ligands containing the alkaline earth metals Mg 2+ and Ca
2+
, it was observed that the cations with smaller thermodynamic radius showed a change in the coordination sphere. The only one that maintained the structure upon entering the second bidentate ligand was the Ca 2+ cation. The thermodynamic radii of Mg 2+ and Zn 2+ are very close, and it was found that both underwent the same change in the coordination sphere from octahedral to tetrahedral from the first to the second substitution. In the first substitution, the chelation angle in the Zn complex was larger leading to a more stable structure by minimizing the effects of steric repulsion and allowing the ligands to have a larger approximation to the metal center. As a result of this approach, a more negative value of enthalpy and Gibbs free energy was obtained for the octahedral structure formation
. In the second substitution, both Mg, Zn and Ni complexes with bdt showed a change of geometry from octahedral to tetracoordinated because they have a lower ) ligands substitution. In the disubstituted complexes, the sulfur atoms of each ligand are labeled as S 1 , S 1' and S 2 , S 2' thermodynamic radius and, as a consequence, they suffer a greater alteration in the ligands arrangement around the central atom.
In Table 6 the Mulliken atomic charges are shown on the metal cations. The results analysis shows that for the monosubstituted complexes the charge on the Zn 2+ cation is more positive than on the Ni 2+ cation. As previously shown the metal-ligand binding is predominantly electrostatic in the monosubstituted complexes. Thus, the largest positive charge on the Zn 2+ cation strengths the interaction with the dithiolene ligands and justifies the large ionic character. For the disubstituted complexes the positive charge on the metal center is reduced, decreasing the ionic interaction character.
In Table 7 , the softness of the mono-and disubstituted complexes, the aquacations and the ligands studied are listed. 
Natural bond orbital analysis (NBO)
In Table 8 , it is listed the energy calculated by the second-order perturbation theory, 42 which represent the magnitude of the donor-acceptor interactions among the binding orbitals (from the sulfur atoms, a Lewis base) and the anti-binding orbitals (from the metal ion, a Lewis acid). In the first substitution of the Ni 2+ aquacation, the donor-acceptor energies are asymmetric for each anchor point. This is due to the dipole-dipole interactions among the H atoms of the water ligands and the sulfur atoms of the dithiolates, which leads to weaker interaction. For the Zn 2+ complexes, the donor-acceptor energies are more symmetric, this may be due to a better octahedral geometric accommodation of the electron density. However, the Niligand donor-acceptor energy values are smaller than those observed for the respective Zn aquacomplexes, resulting in a lower covalent character on the Ni−S bonds. The evaluation of the hybrid orbitals of the sulfur atoms reveal a large p character in the orbital that contributes to the M−L bond. Specifically, for the Zn aquacomplexes the hybrid orbitals also indicate small s orbital hybridization, when compared to nickel.
The evaluation of the second substitution further confirms the covalent character of the Zn−S bonds, but with smaller donor-acceptor energy values compared to the monosubstituted complexes. The donor-acceptor energy is shown in Table 8 for the nickel complexes, a larger donoracceptor energy values are observed for the second ligand substitution, confirming the largest covalent character and the smallest metal-ligand distance. The analysis of the 65 The S1 and S1' parameters refer to the two S atoms of the bidentate ligand in the monosubstitution case. In the disubstitution case the S2 and S2' parameters refer to the S atoms of the second bidentate ligand; the M parameter refers to the metal ion (Ni or Zn). Cl 2 -bdt: 3,6-dichlorobenzene-1,2-dithiolate; Cl 4 -bdt: 3,4,5,6-tetracholorobenzene-1,2-dithiolate; bdt: benzene-1,2-dithiolate; edt: 1,2-ethylenedithiolate; mdt: 1,2-dimethyl-1,2-ethylenedithiolate; mnt: maleonitrile-2,3-dithiolate; tdt: toluene-3,4-dithiolate; tfd: bis(trifluoromethyl)ethylenedithiolate; dmit: 1,3-dithiole-2-thione-4,5-dithiolate; dmio: 1,3-dithiole-2-one-4,5-dithiolate; dmt: 1,2-dithiole-3-thione-4,5-dithiolate. Additionally, the geometric parameters are in good agreement with the NBO analysis. The donor-acceptor energy of the mono substituted Zn 2+ complexes is larger than the respective Ni 2+ complexes, showing a larger covalent stabilization. The same analysis for the disubstituted complexes reveals a similar covalent character, based on the donor-acceptor energies. For all the complexes, it is possible to observe that the metal-ligand interaction has a predominant p character. It was also observed a small backdonation from the Ni 2+ and Zn 2+ metal centers for the sulfur atoms of the dithiolene ligands (see Supplementary Information (SI) Table S1 ). This trend was not observed with the Ca 2+ and Mg 2+ aquacomplexes with the same dithiolene ligands because they did not occupy the d orbitals to perform these interactions. 19 The computational results presented here are important for the rational design of dithiolate complexes for a wide range of advanced applications in the fields of coordination chemistry and materials science.
Conclusions
The affinity of bidentate dithiolene ligands for the [Ni(OH 2 ) 6 ] 2+ and [Zn(OH 2 ) 6 ] 2+ complexes was measured by substitution energies and rationalized by geometric, energetic and electronic parameters. As ligands, three sets were evaluated: the aromatic, the double bond (ethylene) and the heterocyclic molecules. Generally, the ethylene dithiolate complexes have more negative enthalpy and Gibbs energy value than the respective phenyl dithiolene complexes. The enthalpy interaction order of interaction is: edt < mdt < tfd < mnt for ethylenic, tdt < bdt < Cl 2 -bdt < Cl 4 -bdt for the phenyl and dmio< dmt < dmit for the heterocyclic dithiolenes. Those orders are mainly determined by the electronic nature of the functional group. For the first substitution all the Ni 2+ and Zn 2+ complexes maintained the octahedral geometry. In the second substitution the Ni 2+ complexes have quadratic geometry, while the Zn 2+ complexes have tetrahedral geometry, due to their electronic structure. The EDA results show that dithiolate modulates the electrostatic contribution of the interaction for the first substitution and the covalent interaction for the second substitution in both metal ions.
The EDA method shows that the differences in the ligands ability to coordinate with the metal center are reflected mainly in the electrostatic component of the interaction energy, which is the main term for the first substitution of the ligand for Ni 2+ and Zn
2+
. The exchange and dispersion components are almost constant for the series of the analyzed ligands, while the Pauli repulsion varies by about a quarter of the range of the electrostatic interaction term. The metal-ligand bonding lengths, the chelation angles, the charge at the metal center and the softness of the aquacomplexes are strictly correlated with the metal-ligand coordination force.
The NBO results indicate that the steric and electron retraction effects of the atoms adjacent to the metalligand coordination modulate the binding strength of the complexes, as well as the geometric parameters are in good agreement with the NBO analysis. The donorreceptor energy of the monosubstituted Zn 2+ complexes is larger than that of the respective Ni 2+ complexes, showing a larger covalent stabilization. In the second substitution, this trend is maintained, but with a smaller magnitude. For all the analyzed complexes, the p character of the metal-ligand interactive orbital is the predominant one. The computational results presented here are important to rationalize the nature of the metal ligand interaction in dithiolene complexes and then contribute to development of model compounds for various advanced applications.
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